The effects of vibration on train passengers' sedentary activities were investigated with a questionnaire survey as well as onboard vibration measurements. Three types of Swedish inter-regional trains were studied on four different lines. 330 passengers were randomly selected for the questionnaire survey. The vibration measurements were made at five positions around a passenger seat above the bogie during normal service. The vibration data were weighted according to ISO 2631-1 and the older German (Sperling) Ride Index Wz. Two-thirds of the passengers reported difficulties in performing sedentary activities such as reading and writing due to vibration and shocks. However, the standardized measurements did not reveal any severe discomfort values due to the vibration. This reveals that ISO and Wz standards do not evaluate vibrations effect on sedentary activities correctly. This also indicates that even low levels of vibration can reduce the ability to perform sedentary activities. Both chair and table produced more vibration than the floor. The spectral analysis showed that the chair had nearly the same frequency content as the floor, below 10 Hz. This range is critical since it coincides with the most vulnerable range for reading and writing as well as the perception of ride comfort.
INTRODUCTION
Railway vehicles provide a range of more comfortable facilities compared to the other means of passenger transportation in respect of the ability to performing sedentary activities such as reading, writing, eating, etc. Facilities that are commonly seen in railway passenger cabins are tables, spacious seats, special compartments, etc. As a consequence, many passengers choose the railway to be able to work while traveling. However, the issue of comfort in respect to vibration has become a common question to the railway industry since vibration plays a major role in comfort and the ability to perform sedentary activities. With faster trains attenuation of the vibration exposure is essential in order to improve both ride quality and the ability to work onboard. The adverse effects of vibration and shocks are usually evaluated by means of frequency weighted acceleration. Various international standards such as ISO 2631-4, ENV 12299 and Wz Ride Index propose methods of measurement, evaluation and assessment of whole-body vibration [1, 2, 9] . However, care should be taken when results are evaluated since these standards differ [3] in procedures of measurement, evaluation and assessment of vibrations. Today standards are used as a tool by the railway operators and train manufacturers to ensure proper ride comfort levels in respect to vibration. However, it is not clear whether these standards are adequate in determining to what extent vibration or shocks cause difficulties in performing sedentary activities such as reading or writing.
Several factors influence vibration discomfort in relation to passenger activities e.g. seat design, seated posture, use of backrest, etc. Passengers usually adapt their posture to attenuate the intensity of vibration and shocks in order to perform their activities satisfactorily. There are, however, limitations in the seating place since the transmission of vibration to the human body is higher if a passenger uses armrest, backrest or places both feet on the floor [4] . The objectives of this study are (i) to determine in what extent vibration affects sedentary activities and whether the seated posture interacts with different activities such as reading and writing, etc. (ii) to observe the level of vibration discomfort on good and poor tracks according to the standards (ISO & Wz), (iii) to investigate if there is any difference in vibration discomfort at various measurements points and (iv) to determine which direction (x, y or z) contributes the most to the discomfort values during a journey.
METHODS & PROCEDURES
The study was performed in two simultaneous parts. The first part consisted of a questionnaire survey about the influence of vibration on various sedentary activities and applied postures. The second part consisted of vibration measurements to evaluate the effects of vibration on various positions in the seat environment according to ISO 2631-1 [5] .
Trains and Lines
The study was conducted on three different types of Swedish Inter City or Inter Regional trains during normal service on lines around Stockholm (see Table I ).
The following three types of trains were used in the study: InterRegio (IR) Electric loco-hauled train from the 1980s. Maximum speed 160 km/h. Bogies with coil springs and tread brakes. Kustpilen (Y2) Diesel multiple unit train from 1988 -1995. Maximum speed 160 km/h. Jakobsbogies with air suspension and disc brakes.
Regina (X50)
Newly built electric multiple unit train. Maximum speed 200 km/h. Bogies with air suspension and disc brakes.
Trains and lines were chosen to give a good representation of typical Swedish traffic conditions, i.e. both recently laid good tracks as well as older poor tracks, were included in the study. 
Questionnaire survey
The questionnaire survey was made on all three types of trains during normal working hours.
Questionnaire design
To develop and test the basis of the questions a pilot study was made prior to the main study. The questionnaire of the main study consisted of 30 questions divided in six parts. The theme was to gather qualitative and quantitative information related
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to the effects of vibration on the performance of sedentary activities and postural positions. The first part covered the general background of the participants and the second part consisted of information about their present journey whereas the third part included questions related to the time spent on various sedentary activities. The fourth part included questions related to the seated postures and the fifth part covered various factors related to disturbances such as noise, vibration, etc. The last part comprised of a short written test to determine the difficulty of writing while the train was running.
Finally, an open question for spontaneous comments ended the questionnaire.
The questions in the fourth part were made using preference technique [6] whereas the last two parts were made using magnitude scaling techniques [6, 7] . In the preference technique subjects were asked to choose the appropriate response from a number of fixed responses. In the magnitude scaling technique, on the other hand, subjects were asked to rate their responses on a linear 7-point scale. The two extreme points were marked as ''insignificantly disturbing or not at all difficult'' and "extremely disturbing or difficult".
The short written test consisted of three lines of printed text. The participants were instructed to copy the text without interruption while the train was running, using an ordinary ball point pen. After the written test they were then asked to make two subsequent ratings. First, they should rate the difficulty experienced in writing and thereafter rate to what extent the vibration and shocks made their writing difficult. The ratings were made using the magnitude scaling technique.
Participants
330 passengers were randomly selected for participation in the questionnaire survey. 15% of the participants were chosen from the first class compartment whereas 85% were chosen from the second class compartments. The age of the subjects varied from 20 years to 77 years. The minimum age of 20 years was chosen due to the outcome of the pilot study which indicated that younger subjects were sometimes careless in responding to the questions. The gender distribution among the passengers was almost equal between men and women. One third of the participants were business travelers whereas one-quarter of the participants were either traveling to or coming from work. One fifth of the participants were traveling with the purpose of visiting friends or relatives.
Procedures
The questionnaire was handed to the passengers at their seat while the train was running. The passengers of the IR-train were chosen from a joumey between Stockholm and Örebro as well as between Stockholm and Katrineholm, generally riding on good tracks. The passengers of the Y2-train were chosen from a journey between Stockholm and Kisa, partly riding on good and partly on poor tracks. Passengers of the X50-train were chosen between Stockholm and Ludvika, riding on tracks shifted from good to poor. 35% of the participants were recruited on the IR train whereas 39% and 26% were recruited at the Y2 and X50-trains respectively.
Vibration measurements & evaluation methods
Measurement procedures
All the vibration measurements were made in the second class compartments during outward and onward journey to the cities described in the Table I in the southern part of Sweden. The measurements were made on three consecutive days on the selected tracks.
Five Tri-axial accelerometers were used to measure the vibration on the floor, table, armrest, seat and backrest. According to the ISO standard the directions of measurement were denoted: At the floor, table and armrest VTI HAMLIN Tri-axial Accelerometers (±1.5 g) were used to measure the vibration signals for all three directions. The accelerometer was mounted directly on the table to measure the vibration in the table but the accelerometers at the armrest and floor were mounted on a thin metal sheet in order to achieve good mechanical contact. For the floor, the plate was placed at the position where a passenger normally places his/her feet whereas for the armrest the plate was placed on the armrest where a passenger normally places his/her arm. The effect of the thin sheet on the vibration measurement was judged to be negligible. Two ISOTRON accelerometer SIT-pads (Model Number 65-100-X) were placed on the seat-pan as well as between the back of the subject and the seat backrest. The SIT-pad was placed on the backrest where there was full contact between the subject's back and the backrest; the centre of the SIT-pad was about 470 mm above the seat cushion.
Evaluation procedures
Two types of standardized evaluation methods were used namely ISO 2631-1 and German (Sperling) Ride Index Wz. According to ISO 2631-1 the transmitted whole body vibration to the body is measured at three supporting surfaces, i.e. at the feet, seat-pan and seat-back. The procedure does not specify vibration exposure time but quantifies the vibration in response to human health and comfort as well as for the probability of vibration perception and the incidence of motion sickness. The ISO discomfort-index is evaluated using frequency weighted r.m.s. accelerations and is defined by:
where, a w (t) is the instantaneous frequency-weighted acceleration; τ is the integration time for running averaging; t is the instantaneous time (integration variable); t 0 is the time of observation. The standard recommends this running r.m.s. method for motions with a crest factor less than or equal to 9.
For longitudinal and lateral accelerations the frequency weighting filter w d is used whereas the filter w k is used for vertical acceleration. The ISO defines the total vibration value of weighted r.m.s. acceleration a v for the three orthogonal directions of the respective position. The ISO standard does not currently provide the multiplying factors k for armrest and table.
Therefore, the multiplying factors of the feet were used for assessing vibrations in armrest and table.
Wz (Ride Index) are sometimes used in measuring passenger discomfort for railway trains. They were originated in the 1940s and 1950s [8, 9] and were recognised by ERRI (ORE) in 1997 [10] . Wz is a frequency weighted root mean square (r.m.s.) value of accelerations presented on a logarithmic scale. It is evaluated over defined time intervals or over a defined track section and is calculated by:
where, B(f) is a frequency weighting function and a 0 is the harmonic acceleration amplitude (m/s 2 ). An alternative method to assess Wz (Ride Index) for an arbitrary acceleration signal is to use the frequency weighted root mean square (r.m.s.) value of acceleration presented in a logarithmic scale. The method is calculated as follows:
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Wz = 4.42(a wrms ) 0.3 (4) where, a wrms is the r.m.s.-value ofthe frequency weighted acceleration a w (t) (m/s 2 ).
Unlike ISO the Wz index is evaluated individually for all directions. Wz of 2.5 is often compared to an ISO-weighted r.m.s. acceleration value of 0.25 m/s 2 . These limits are often considered as acceptable for ride comfort in trains with respect to motions although requirements are different in different cases.
ISO 2631-1 provides a semantic scale for the quantification of passenger discomfort in public transport in response to magnitudes of root-mean-squares for overall acceleration (see table II) 
RESULTS & DISCUSSIONS 3.1. Questionnaire survey
The multivariate analysis of variance showed that there were no significant differences between the genders, age groups, sedentary activities or sitting positions in judgments of disturbance from noise, shocks or vibrations.
Passenger activities
The average traveling time for all the participants was 72 minutes. The average times spent on each activity are shown separately in Figure 1 . The figure shows that 80% of the passengers spend on average 40 minutes reading whereas 25% of pssengers spent 20 minutes writing. Furthermore, 31% of the passengers spent 13 minutes on average eating or drinking. 20% of the passengers spent on average 6 minutes talking in cellular phone whereas 14% pssengers spent 24 minutes using 
Postural positions
Postural positions varied among the passengers depending on their activities. The most common posture for the reading activity among the passengers was to place the reading materials on the knees and leaning against the upright backrest (see Figure 2 ). Passengers were sitting either with crossed-legs or placed both feet on the floor while reading. Both postures were being used to almost the same extent. Postural positions differed between younger and older passengers while they were writing. Passengers over 45 years of age preferred to place their material on the table for the purpose of writing whereas passengers below 45 years of age preferred to place their writing material on their knees (see Figure 3 ). Sitting with crossed-legs was a fairly common posture among younger and the middle aged passenger (<45 years) for writing whereas the elderly passengers (>45 years) commonly placed both feet on the floor. To sit leaning against the upright backrest while writing was however found to be common for all ages.
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The use of the table was very common for the passengers who were eating or drinking. On the other hand, 50% of the computer users preferred to put their computers on the table whereas the other half preferred to put their computers on their knees. The common posture while using the computer was to put both feet on the floor. On the other hand the common posture for eating or drinking was to put both feet on the floor and lean against the upright backrest.
Fig. 3
Postural positions while writing, divided for participants under and over 45 years of age respectively.
Disturbance due to vibration
Feelings of shocks and vibration were measured using a 7-point linear scale. Figure  4 shows a tendency that the new trains (X50) are experienced as less disturbing in response to vibration than the old trains (IR and Y2). However, the analysis of variance did not show any significant difference in the judgment of disturbance between the trains. 
Written test
The results showed that about 60% of the passengers had moderate difficulties in writing the test text, while further 6 -12% of the passengers had much difficulty in performing the written test (see Figure 5 ). Similar percentage of passengers also indicated that the difficulties in writing the test text occurred due to shocks and vibration from the train. However, there was no significant difference in the judgments between the trains.
Fig. 5
Judged degree of difficulty of the written test for all types of trains.
Vibration measurements
Data from all the 15 accelerometers were measured and assessed for the three train types according to the standards ISO 2631-1 and Wz. The signals from armrest and table where weighted in the same manner as the signals from the floor.
Vibration signals
In figure 6 samples of unweighted r.m.s. acceleration levels for the three train types are shown. The three presented measurement points: seat-pan, backrest and floor are shown in accordance with the highest Wz indexes that were found.
Fig. 6
Typical acceleration levels as unfiltered (5s) r.m.s for the three trains at seat-pan (z-axis), backrest (x-axis) and floor (z-axis).
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Occasionally, the vibration levels at the backrest and seat are noted to be slightly higher than at the floor. It can also be seen that it is the X-axis of the backrest that gives the highest acceleration levels for all the three trains. Comparing the three trains it can be seen that the mean levels are almost equal for each of the three measurement points. Although the Y2-train is running on a much poorer track the mean acceleration levels resembles those of the other trains which is likely to be an effect of different travel speeds.
The unfiltered frequency content for the same data is displayed in Figure 7 as Power Spectral Density (PSD).
Fig. 7
Power Spectral Density of the unfiltered acceleration in all three trains at seat-pan (z-axis), backrest (x-axis) and floor (z-axis).
The PSD figure shows high resemblance in frequency spectra between the three measurement positions in the 1 -6 Hz range for each train type. All three trains also have their peak amplitude in the frequency range of 1 -2 Hz. The trains show almost no differences in peak amplitude between the floor and the seat-pan in the Zdirection. However, the phase differences in the range 1 -10 Hz were found to be negligible, indicating a stiff coupling between the floor and the occupied seat.
Vibration comfort according to standards
The resulting discomfort indexes of the weighted acceleration signals according to ISO 2631-1 and Wz are shown in Figures 8 and 9 as running averages for a good and a poor track. The total averages are then shown for the three train types in tables IV, V and VI. Figure 8 shows the calculated Wz indexes for the IR-train for a period of 5 minutes on a good quality track. The vertical directions are plotted for all positions, except for the backrest. Wz index is lower than 3.0 for most of the period in this track section 
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The figure shows that Wz index is over 3.0 for most of the period in this track section. Figures 8 and 9 also indicate that the vibrations are higher in seat-pan and table than on the floor.
The resulting indexes of vibration discomfort for a IR-train on a poor track are shown in table IV The results of tableV show that the Wz index is highest in the vertical direction for the seat-pan, backrest, table and floor whereas the Wz index for the backrest is highest in the longitudinal direction.
The resulting indexes of vibration discomfort for a X50-train on a good track are shown in table VI. The results for the IR and the X50-train (see table IV and VI) , only include the measurements from the good track between the two stations Enkoping and Vasteras, i.e. going on the same line from Stockholm to Västerås. Both Tables IV and VI show that the vibration discomfort is higher in vertical direction in all the positions except for the backrest but the vibration discomfort for the backrest is higher in the longitudinal direction. Both tables also indicate that the discomfort values of Wz and ISO is higher at the seat-pan, backrest and table but lower for the floor and armrest. The Wz index of the table in the IR-train (see table IV) in vertical direction was excluded due to measurement error. Although the track quality and speed were different, no significant difference in vibration discomfort were found between the trains according to Wz and ISO. The crest factor was found between 6.1 and 9.3 for both trains.
CONCLUSIONS 4.1. Questionnaire survey
Disturbances of train passenger sedentary activities due to vibrations and jerks were judged by 330 passengers using a questionnaire survey. The questionnaire was distributed randomly to the passengers on three types of intermediate-to longdistance trains in Sweden. The results showed that for an average traveling time of 72 minutes, a majority (80%) of the passengers spent about 40 minutes on average for reading whereas 25% of the passengers spent 20 minutes on average writing. In general, 47% of the passengers reported that shocks and vibration were the main causes of disturbances while traveling by train whereas 28% reported noise as a cause of their discomfort. 60% of the passengers experienced moderate difficulties in performing a short writing test whereas up to 12% passengers had much difficulty in performing the same test. A similar proportion of passengers indicated vibration and shocks to be the two factors that caused the difficulties in performing the writing test. A common habit among the passengers was to put books and writing material in the lap while working. The use of table was more common among the passengers who were eating or drinking. Surprisingly, about half of the passengers who used portable computers put them in their lap instead of on the table. The reason to use the lap to support the computer might be due to the inconvenient height of the table as well as to attenuate the vibration level.
Vibration measurements
The average Wz value for the poor track was found to be 3.0 most of the time (indicating strong but tolerable vibration). The average ISO weighted acceleration was found to be 0.45 m/s 2 on the same track. The crest factor varied between 6 and 10 for all the different tracks, which is common for ordinary passenger trains. In the vertical direction equally pronounced vibrations were found at the table and the seat-pan in all three train types. It is therefore reasonable to consider the table vibration as being much more important than the seat vibrations since most passengers spend a large amount of their time using the table while traveling. In addition, the table vibration plays an important role, especially for precision work such as writing. The discomfort indexes (ISO, Wz) were shown to be highest in the vertical direction in all positions (seat-pan, armrest, table, and floor) except at the backrest where the longitudinal direction showed the highest discomfort values. However, the weighting filter W c for special cases of seat back vibrations was not used in this study. There is currently no multiplying factor k available for assessment of table and armrest vibrations in the present IS02631-1. Therefore, the multiplying factor of feet was used for assessing table and armrest vibrations.
Mechanically, it seems reasonable to apply the multiplying factor of the floor to the table and armrest since they are connected to each other. On the other hand, it could be better to have separate multiplying factor for table and armrest to evaluate vibration comfort more accurately for these locations. In the frequency range 1 -10 Hz the power spectral density showed equal peak amplitudes at the floor, seat-pan and backrest. Hence, the seats did not seem to reduce the vibration level. Damping
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in the range 1-8 Hz is crucial since it is the most vulnerable for the perception of discomfort and performance of sedentary activities like reading or writing.
Finally, it can be concluded that the levels of vibration discomfort for the passengers were, acceptable for most of the time according to the standards. Even so, a large number of passengers reported difficulties in performing their sedentary activities. This means that even the quite low levels of vibration can affect the performance of sedentary activities, such as writing. Hence, none of the weighting filters in the ISO 2631-1 or Wz standard reveals how vibration actually disturbs sedentary activities such as reading and writing.
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